An in situ formed Fe-Mn binary oxide (FMBO) was successfully fabricated for efficient removal of 17a-ethinylestradiol (EE2) from water. Moreover, manganese oxide (MnO 2 ) and ferric oxide (FeOOH) were also studied for the comparison of EE2 removal efficiency and FMBO showed a better removal capacity towards EE2 than both MnO 2 and FeOOH. Various removal conditions including contact time, pH and coexisting ions were investigated. The results showed that the best removal capacity was obtained at pH 6.0 and FMBO rapidly reached a removal efficiency of approximately 96% in 30 min at pH 6.0. The retarded first- Fourier transform infrared and X-ray photoelectron spectroscopy results were investigated and they revealed that EE2 was adsorbed through hydrogen bonding and then oxidized by MnO 2 on FMBO, which contributed to further degradation of EE2. Besides, the intermediates during removal were studied by gas chromatography-mass spectroscopy, indicating that the products still kept the core ring structure of estrogen while lowering estrogen activity. Above all, FMBO can be used as a promising material to remove EE2.
Introduction
Recently, endocrine disrupting chemicals (EDCs) as a specic group of trace organic contaminants have already raised international concern, which can interact with the endocrine system of organisms by inuencing the synthesis, release, transport, metabolism and excretion of hormones in the body, and thus lead to a variety of developmental and reproductive disorders, as well as feminizing effects.
1,2 Estrogens are well-known EDCs, and include natural, synthetic, and phyto-estrogens. Among them, the synthetic estrogen 17a-ethinylestradiol (EE2), a primary component in contraceptive pills and postmenopausal hormonal supplements, is generally more stable than natural estrogens in aqueous environments and has greater estrogenic potency (approximate 11-27 times) than the natural estrogen (E1) and estradiol (E2).
3 Studies show that EE2 is frequently detected in wastewater treatment plants and is widely discharged into receiving water due to incomplete removal during the treatment process. 4, 5 In addition, it is reported that EE2 can interfere with the hormonal systems of male rainbow trout even at less than 1 ng L À1 and male fathead minnows at concentrations $4 ng L
À1
. 6, 7 Hence, it is essential to explore effective, reliable and cost-effective techniques for EE2 treatment.
Traditionally, estrogen-containing wastewater is treated by activated sludge treatment, 8 adsorption, 9 ozonation, 10 ltration membranes, 11 or photo catalytic oxidation. 12 Among these approaches, adsorption is a proven technology used widely in water treatment facilities for water detoxication and purica-tion because of its high efficiency, simple operation conditions, the fact that it does not generate harmful byproducts, and its cost effective. 13 Moreover, EE2 is a kind of nonpolar and hydrophobic compound which is difficult to dissolve in polar water solution, therefore, it can be strongly adsorbed onto solid particles in wastewater treatment.
13,14
Fe oxide is the most abundant metal oxide found in soils and sediments and has been widely used as adsorbents to remove contaminants from water for their relatively high specic area and charge. 15, 16 Manganese oxide is well-known solid phase oxidant due to their high redox potential, which is able to promote the oxidation of a variety of synthetic and natural organic pollutants including humic substances, phenols, endocrine disrupters and chlorinated organic compounds.
17-20
Iron oxide and manganese oxide, both low cost and environmentally friendly, are omnipresent in the natural environment and always found in combination with each other to form composite oxide. Therefore, Fe-Mn binary oxide (FMBO) adsorbent which combines the adsorption with oxidation processes has been extensively researched to remove pollutants in water, such as metal ions, (with a Fe : Mn molar ratio of 3 : 1) by a simple and low cost method, and the experimental results showed that the synthetic material was very effective for arsenite removal. To our best knowledge, very little is known about the removal behaviors of EE2 on Fe-Mn binary oxide, and the detailed mechanism of estrogen removal by FMBO also needs to be claried. The objectives of this study were to study the effect of different parameters (contact time, pH and coexisting ions) on EE2 removal to discuss the feasibility and capability of FMBO and propose the dominant mechanisms and degradation routes involved in EE2 removal by FMBO using Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) techniques and gas chromatography-mass spectroscopy (GC-MS).
Materials and methods

Materials
EE2 (>98.0%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were prepared using analytical grade chemicals from Shanghai Zhenxin Reagent Co. (Shanghai, China), except methanol and acetonitrile were chromatographically grade from Tianjin Shield Fine Chemical Company (Tianjin, China).
Materials preparation
EE2 working solutions were freshly prepared by dissolving in methanol and then diluting with deionized water in later experiment. 27 The FMBO adsorbent was synthesized using a coprecipitation method with redox reaction as described in previous study with a Fe/Mn molar ratio of 3 : 1.
26 Briey, potassium permanganate (KMnO 4 ) and iron(II) sulfate heptahydrate (FeSO 4 $H 2 O) with a ratio of 1 : 3 were dissolved in deionized water, respectively. Then, FeSO 4 solution was added slowly into the KMnO 4 solution under vigorous magneticstirring. Simultaneously, NaOH or HCl solution was added to maintain the solution pH at 7-8. Aer addition, the resultant suspension was stirred continuously for 1 h, aged at room temperature for 12 h, then ltered and washed repeatedly with deionized water until the conductivity was <2 mS cm À1 , and dried at 105 C for 4 h. The dry material was crushed and stored in a desiccator. MnO 2 and FeOOH were also prepared for the control experiment according to previous studies, 28, 29 and the detailed procedures were illustrated in the ESI (Text S1). †
Synthetic oxide characterization
The specic surface area of the synthetic materials were measured by nitrogen adsorption using the Brunauer-EmmettTeller (BET) method with a Micromeritics ASAP 2000 surface area analyzer (Norcross, GA, USA). According to our previous study, 
30
Fourier transform infrared spectroscopy (FTIR) spectra were obtained using a Nicolet 6700 Fourier Transform IR spectrophotometer Spectrum (Thermo, USA) to identify functional groups on the oxide surface before and aer removing EE2. FTIR spectra from 400 to 4000 cm À1 were obtained with 15 scans for each spectrum recorded at a resolution of 4 cm À1 .
Oxides before and aer EE2 removal were probed using X-ray photoelectron spectroscopy (KRATOS AXIS UlTRA, DLD) with Al Ka radiation and Al/Mg radiation at 450 W and 3.0 Â 10
À10
Pa. Data were analyzed using X-ray photoelectron spectroscopy (XPS) peak soware.
Batch removal experiments
The pH and coexisting ions studies were performed at room temperature by adding 0. and Mn 2+ in the nal solutions were determined by atomic adsorption spectrometer. All experiments were performed in triplicate, where the average value and the standard deviation are reported. Removal efficiency was calculated using as
where C 0 is the initial concentration of EE2 (mg L À1 ); C t is the residual concentration of EE2 (mg L À1 ) at time t.
Analysis
EE2 solutions were analyzed by Agilent 1200 Series HPLC system equipped with a quaternary pump, an auto sampler, a thermostated column compartment and a UV detector. Reverse phase chromatographic separation of EE2 was achieved by a SB-C18 column (4.6 Â 250 mm, 5 mm, Agilent, USA) that was thermostatically held at 30 C. Analysis was performed at 200 nm wavelength with 100 mL sample injection, and the mobile phase at the ow rate of 1 mL min À1 was a mixture of acetonitrile and water (acidied by 10 mM phosphoric acid) in ratio of 60 : 40 following the method described by Xu et al.
31
To identify intermediates, a gas chromatography-mass spectroscopy (GC-MS) system was used with a gas chromatograph coupled to the mass spectrometer (Agilent GC-MS 7890, USA) equipped with a HP-5 column (30 Â 0.32 mm, 0.25 mm).
32
Before GC-MS detection, the reaction solution were extracted by n-hexane twice and then blown down to 1 mL under a gentle ow of nitrogen at 45 C and further evaporated to dryness under a gentle nitrogen stream. The dry residues were derivatized by addition of 50 mL of pyridine and 100 mL of BSTFA (1% TMCS), and heated at 70 C for 40 min. The derivatives were cooled to room temperature and subjected to GC-MS detection. Helium carrier gas was maintained at a constant ow rate of 1.0 mL min À1 . The column temperature was kept at 100 C for 1 min, heated to 200 C at a rate of 10 C min À1 , then increased to 260 C at a rate of 13 C min À1 , nally increased to 300 C at a rate of 5 C min À1 and held for 1 min. The total run time was 24.64 min. The injector temperature was 280 C and operated in splitless mode. The interface temperature was 280 C, and the detector temperature was 250 C. MS was operated in electron impact (EI) ionization mode, and selected ion monitoring (SIM) mode was used for quantication.
Results and discussion
Kinetics study on EE2 removal by FMBO
Fig . 1a illustrates the removal efficiency of EE2 by FMBO, MnO 2 and FeOOH as a function of time. The EE2 removal on the FMBO could be divided into three stages. During the rst period (prior to 2 min), the removal capacity of FMBO for EE2 rapidly increased as the reaction processed, and reached approximately 70% at 2 min. During the second period (from 2 to 15 min), the reaction rate evidently reduced over time and the removal efficiency increased from approximately 70% to 93%. At last, during the equilibrium period (aer 15 min), the removal of EE2 gradually reached equilibrium (97%) at approximately 30 min and the change in the removal capacity with time was insignicant. For MnO 2 and FeOOH, the two curves are the same in variation trend with that of FMBO but different in removal rate at equilibrium. The equilibrium removal efficiency of EE2 was found to be 90.56% for MnO 2 , and 80.30% for FeOOH, respectively. FMBO showed a better removal capacity towards EE2 than both MnO 2 and FeOOH. In consideration of the better removal efficiency and easier preparation than MnO 2 , FMBO is potentially feasible for the removal of EE2 in practice. The rapid increasing of removal efficiency at the initial stage can be explained that the available adsorption sites were abundant at rst, and the EE2 molecules could interact easily with the sites. As the reaction progressed, the available adsorption sites were less and less. Meanwhile, the degradation products competed for adsorption sites with EE2, which further reduced the adsorption sites. Therefore, the removal rate is slow in later stage. 33 Because of the reductive dissolution of MnO 2 , part of the Mn(II) became detached from the FMBO and MnO 2 surface, and the Mn(II) concentration in solution increased (Fig. 1b) . The increase of Mn(II) continued even aer the removal was in equilibrium. This phenomenon can be related to an oxidation lag aer adsorption that EE2 was rstly adsorbed on the surface of oxide and then reacted with the manganese oxide. 34 The iron ions release in solution was also identied and the Fe 2+ concentration was lower than detection limit, suggesting that there was no redox reaction for iron oxide in FMBO during the removal progress. As seen from the Fig. 1a , the removal of EE2 in solution by FMBO against reaction time represented high linear relationship in the initial stage of the reaction, then the loss of EE2 slowed as the reaction progressed. The removal of EE2 over reaction time apparently deviated from a pseudo-rst-order kinetics. Such reaction kinetics was also observed in previous studies.
35 -37 This phenomenon may be attributed to the changing properties of FMBO during the reaction. The remaining vacant sites for EE2 decreased as the reaction occurred, and the reaction products accumulated on the surface which further reduced the effective sites. 35 All these led to the slowing down of reaction rate. Thus, the rst-order decay model is not accurate for the reactions in this work. In this case, we introduce a retardation coefficient (a) to describe the degree of deviation from pseudo-rst-order reaction, and the timedependent reaction rate constant (k t ) can be expressed as
where k t (min À1 ) is the reaction rate constant at time t; k init (min À1 ) is the initial reaction rate constant; a (min
À1
) is a retarded factor describing the decrease of k t with time. Obviously, the higher value of a means a faster decrease of k t with time. Accordingly, the retarded rst-order rate equation can be expressed as eqn (3) which is transformed into eqn (4).
36,37
where C t (mg L À1 ) is the EE2 concentration at time t; C 0 is the initial EE2 concentration (mg L À1 ).
The retarded rst-order kinetic model tting of EE2 removal by FMBO was shown in the Fig. 1c and the results were shown in Table 1 . The high value of R 2 (0.96) indicated that the retarded rst-order model was able to interpret the EE2 removal in the reaction.
Effect of pH on EE2 removal
The effect of solution pH (from 3.0 to 9.0) on the removal of EE2 by FMBO was examined and the results were presented in Fig. 2 . It is obvious that the uptake of EE2 highly depends on the initial solution pH, which affects the surface properties of FMBO and ionization of the EE2. For the curve in Fig. 2 , it has seen an increase in removal efficiency when pH is lower than 5, which, however, drops drastically for pH > 7 in the removal of EE2. In between these two stages, the removal efficiency is found to maintain a high level (>90%) and obtains the best removal capacity (96%) at pH 6.0. The observed phenomenon can be explained by the following reasons. At pH 3 to 9, EE2 is mostly in non-dissociated form because the pK a value of EE2 is 10.7.
38 The surfaces of FMBO is positively charged when the pH was lower than the pH zpc value of FMBO (6.02) and negatively charged at pH > 6.02. 30 At pH < 5, FMBO showed a lower removal rate than the maximum, and it may be because the oxide particles were partly dissolved in strong acidic solution. Besides, the lower removal efficiency at pH < 5 may also partly related to the competition with H + which reduced the adsorption of EE2 on adsorbent. When the pH was higher than 6.02, the surface of FMBO became negatively charged which was conducive to adsorb Mn 2+ , causing less adsorption site for EE2. Besides, there were more hydroxyl groups on the surface of FMBO at high pH which favored the adsorption of water molecules and led to further reduction of adsorption site. Therefore, it has a sharp decrease in removal percentage when pH > 7.
On the other hand, the EE2 removal progress can be divided into three steps: rstly EE2 was adsorbed to the surface of FMBO by surface hydroxyl groups and then reacted with the manganese oxide to form complex accompanying with electron shi; the nal step was product separation. 39, 40 Among these steps, complexation process and electron transfer process were the rate-limiting steps. Equation is as follows:
where^SOH is the hydroxyl group on FMBO; RO is EE2;^SOR is the forming complex. According to the above equation, under alkaline conditions this reaction tended to be in the opposite direction and leaded to a suppression on EE2 removal by FMBO. efficiency decreased from 94.5% to 26.7%. It was mainly due to the strong competition between PO 4 3À and EE2, for the active sites on the surface of FMBO. Some studies have reported that phosphate can be adsorbed onto FMBO by replacing surface hydroxyl groups via formation of monodentate and bidentate complexes. 41 And it tend to form inner-sphere complexes that have stable structure and strong affinity with adsorbent. In addition, sulphate ions are difficult to be adsorbed on MnO 2 at pH 2-9 illustrating the negligible inuence for EE2 removal.
Effect of coexisting ions on EE2 removal
42 Fig. 3b shows that 
Analysis of reaction mechanism
3.4.1. XPS analysis. Fig. 4a shows the full-scan XPS spectra of FMBO before and aer EE2 removal at pH 6. It is obtained from the results that element content of Fe, Mn, and O are 43.5%, 15.0% and 12.5%, respectively. The atom ratio of Fe to Mn on FMBO is near to the 3 : 1 which is agreement with preparation process. Aer EE2 removal, it can be seen from the Fig. 4a that the peak intensity of Mn2p and Fe2p decreased to different extent while those of C1s, O1s increased.
The Fe2p and Mn2p spectra of FMBO before and aer reaction with EE2 are illustrated in Fig. 4b . The peak positions of Fe2p 1/2 at 724.5 eV and Fe2p 3/2 at 711 eV didn't change aer reaction, indicating that the valence state of iron element keep +3 and had no redox reaction. 46 On the other hand, the XPS spectrum of Mn2p changed apparently in Fig. 4c . Before EE2 treatment, the XPS spectrum of Mn2p in FMBO could be deconvolved into two components assigned to Mn(IV) and Mn(III) for both the Mn2p 2/3 and Mn2p 2/1 peaks, respectively. The Mn2p 1/2 and 2p 3/2 peaks at 653.9 and 643.4 eV with a spin energy separation of 10.5 eV was assigned to be the 2p binding energy of Mn(IV) and match well with the characteristic peaks of MnO 2 .
47
And the peaks of Mn2p 1/2 at 653.4 eV and Mn2p 3/2 at 642.2 eV were in agreement with the existence of Mn(III). By calculating from the tting curves, the results showed that the percentage of Mn(III) was 22.05% and Mn(IV) was 77.95%. However, aer reaction with EE2, peaks at 641.0 eV in the spectrum of Mn2p 3/2 and 652.8 eV in the spectrum of Mn2p 1/2 indicated the emergence of Mn(II). The XPS spectrum of Mn2p in FMBO was deconvolved into three components assigned to Mn(II), Mn(III) and Mn(IV). And the percentage of different valence of Mn, calculated from tting each deconvoluted peak, changed from 77.9% to 49.5% for Mn(IV) and Mn(II) as the new valence state occupied 14.1%, suggesting part of the Mn(IV) was transformed to Mn(II) during EE2 removal. Therefore, FMBO played a role of both adsorption and oxidation in EE2 treatment.
In addition, the O1s spectrum of FMBO before and aer reaction was presented in Fig. 4d . For the raw FMBO, the O1s XPS spectra was divided into two peaks corresponding to the surface lattice oxygen species (in the form of O 2À from Mn oxide) at 529.9 eV and -OH (hydroxyl bonded to metal such as Fe-OH and Mn-OH) at 531.3 eV based on the binding energy of different oxygen species. 48 Aer reaction, a new peak attributed to oxygen in hydroxyl or either groups (C-O $ 533.0 eV) emerged. 49 This conrmed the generating of phenolic hydroxyl groups or alcoholic hydroxyl groups on the FMBO aer EE2 removal. In addition, the obvious decrease of -OH (531.3 eV) percentage on the reacted FMBO surface was observed and proved that -OH was involved in the EE2 reaction by hydrogen bonding effect. This result agrees with later FTIR analysis.
3.4.2. FTIR analysis. Fig. 5 illustrated the FTIR spectra of FMBO, MnO 2 and FeOOH recorded in the 4000-400 cm À1 range before and aer reaction to identify the groups responsible for reacting with EE2. Some obvious changes happened to the FMBO spectra (Fig. 5a) In the control experiments, the FTIR spectra of MnO 2 and FeOOH before and aer reaction were illustrated in Fig. 5b and c, respectively. In Fig. 5b , the peak at 3400 cm À1 due to stretching vibration of hydroxide groups was stronger aer reaction as a result of adsorption of EE2. The peak at 1627 cm À1 shied to 1635 cm À1 and was much stronger aer reaction, which might be 28 Aer reaction with EE2, the former peaks disappeared, whereas a new peak (1010 cm À1 ) ascribed to the vibration of C-O emerged. It indicated the hydrogen bonding occurred between the Fe-OH and EE2. These results suggest that iron oxide was the main adsorbent, whereas the manganese oxide also showed adsorption and oxidation ability.
3.4.3. Reaction product analysis. To acquire further insight into the removing mechanism of EE2 by FMBO, GC-MS analysis of intermediates and degraded products were performed. Solutions were sampled at 5 min, 10 min and 30 min. Intermediates found in our experiments were presented in Table 2 . Generally, most endocrine disruptors containing phenol groups have potent estrogenic activity, while the one without phenol groups exhibits little estrogenic activity. 60 As shown in Table 2 , these intermediates still retained the core loop structure of the EE2 while the phenol structures were mostly oxidized to quinoid structure (TP1) and cyclohexenone moieties (TP2) or decomposed to estrone (E1, TP3), which had less estrogenic activity than EE2.
The possible degradation pathways were proposed in Fig. 6 according to the previous study. 61 As we can see, in the rst reaction pathway, EE2 was rstly attacked on the C 2 atoms by hydroxyl radicals and formed o-hydroxyl-EE2 radical which was easy to dehydrate and changed into EE2 semiquinone radical (but both of them were not detected by GC-MS). Then it was further oxidized by cOH radical at C 10 atom to form quinoid structure (TP1) and cyclohexenone structure (TP2). On the other hand, another possible pathway led to the formation of E1. The cOH attacked at C 17 atom followed by acetylene removal reaction to form 17b-estradiol, which was not detected but as a reasonable intermediate of E1. Subsequently, further oxidation occurred at C 17 atom and the hydroxyl was changed into carbonyl groups by dehydrogenation to form E1. This conclusion is consistent with previous reports by Frontistis.
3
Above all, the results indicated that the products are less active than the original target compounds.
Conclusion
The Fe-Mn binary oxide (FMBO) employed in this work was successful in removing 17a-ethinylestradiol (EE2) from water and showed a better removal capacity towards EE2 than both MnO 2 and FeOOH. The results were shown that the reaction obtained the best removal capacity at pH 6.0 and FMBO rapidly reached equilibrium approximately at 30 min at pH 6. The retarded rst-order kinetic model was able to interpret the EE2 removal in the reaction. Besides, it was found that the investigated coexisting ions (SO 4 2À , Ca ) did not have an obvious effect on the EE2 removal, while phosphate, carbonate, and manganous ions reduced the removal efficiency especially phosphate. XPS and FTIR analysis show that EE2 molecules were rstly adsorbed by hydrogen bonding between EE2 and FMBO (such as Fe-OH and Mn-OH) and then oxidized by MnO 2 , which illustrated that oxidation and adsorption both occurred during EE2 removal by FMBO. Then the products were investigated by GC-MS and it was conrmed that intermediates retained the core ring structure of estrogen, but the estrogen activity reduced. The results from this study demonstrate that synthetic FMBO successfully composed iron and manganese oxide, and would be a promising material for efficient treatment of EE2.
